Farmed ruminants are the largest source of anthropogenic methane emissions 29 globally. The methanogenic archaea responsible for these emissions use molecular 30 hydrogen (H2), produced during bacterial and eukaryotic carbohydrate fermentation, 31 as their primary energy source. In this work, we used comparative genomic, 32 metatranscriptomic, and co-culture-based approaches to gain a system-wide 33 understanding of the organisms and pathways responsible for ruminal H2 metabolism. 34 Two thirds of sequenced rumen bacterial and archaeal genomes encode enzymes 35 that catalyze H2 production or consumption, including 26 distinct hydrogenase 36 subgroups. Metatranscriptomic analysis confirmed that these hydrogenases are 37 differentially expressed in sheep rumen. Electron-bifurcating [FeFe]-hydrogenases 38 from carbohydrate-fermenting Clostridia (e.g. Ruminococcus) accounted for half of all 39 hydrogenase transcripts. Various H2 uptake pathways were also expressed, including 40 methanogenesis (Methanobrevibacter), fumarate reduction and nitrate ammonification 41 (Selenomonas), and acetogenesis (Blautia). Whereas methanogenesis predominated 42 in high methane yield sheep, alternative uptake pathways were significantly 43 upregulated in low methane yield sheep. Complementing these findings, we observed 44 significant differential expression and activity of the hydrogenases of the 45 hydrogenogenic cellulose fermenter Ruminococcus albus and the hydrogenotrophic 46 fumarate reducer Wolinella succinogenes in co-culture compared to pure culture. We 47 conclude that H2 metabolism is a more complex and widespread trait among rumen 48 microorganisms than previously recognized. There is evidence that alternative 49 hydrogenotrophs, including acetogens and selenomonads, can prosper in the rumen 50 and effectively compete with methanogens for H2 in low methane yield ruminants.
Introduction
In addition, multiple organisms encoded hydrogenases and terminal reductases hydrogenases (A2, A3) and the marker gene for acetogenesis (acsB) ( Table S2) , 196 including known hydrogenotrophic acetogens Blautia schinkii 40 We then investigated the relative abundance and expression levels of the retrieved 210 hydrogenases in rumen communities. To do so, we used 20 pairs of metagenomes 211 and metatranscriptomes that were previously sequenced from the rumen contents of 212 age-and diet-matched sheep 63 (Table S3 ). Screening these datasets with 213 hydrogenases retrieved from the rumen microbial reference genomes yielded 15,464 214 metagenome hits (0.015% of all reads) and 40,485 metatranscriptome hits (0.040%) 215 (Table S4) . Across the metagenomes, the dominant hydrogenase reads originated (Table S2 ). Metatranscriptome analysis 220 indicated these genes were differentially expressed: whereas A3, 1d, 3a, 3c, and 4g 221 genes were highly expressed (RNA / DNA expression ratio > 4), others were 222 expressed at moderate (A1, A2, Fe; ratio 1.5 -2.5) or low levels (B, 4e, 4h, 4i; ratio < 223 1.5) ( Figure S2 & S3) . Though putative nitrogenase genes (nifH) were detected, 224 expression ratios were low (av. 0.45), suggesting nitrogen fixation is not a significant 225 H2 source in sheep ( Figure S4) . 226 227 Accounting for 54% of hydrogenase transcripts detected (Figure 2b, 3a, S2) , group 228 A3 [FeFe]-hydrogenases appear to be the primary catalysts of H2 production in 229 ruminants. We assigned the retrieved transcripts to taxa based on their closest hits to 230 the rumen genome hydrogenase dataset (Table S4 ). Clostridia accounted for the 231 majority of the hits (Figure 2d ), including Ruminococcus (22%), Saccharofermentans 232 (9.2%), and Lachnoclostridium (7.4%) species known to fermentatively produce H2 The metatranscriptome datasets indicate that multiple H2 uptake pathways operate in 246 ruminants (Figure 2 & 3) . In agreement with historical paradigms 6 , hydrogenotrophic 247 methanogenesis appears to be the largest sink of H2; methanogens accounted for 255 reflecting their secondary roles in the physiology of methanogens [82] [83] [84] . There was also 256 strong evidence that hydrogenotrophic acetogenesis may be a more significant 257 ruminal H2 sink than previously recognized. Across the dataset, acetyl-CoA synthases 258 (acsB; 1135 normalized reads) were expressed at a quarter of the level of methyl-CoM 259 reductases (mcrA; 5246 normalized reads) ( Figure 3c ). For 74% of the reads, the 260 closest matches were to predicted hydrogenotrophic acetogens isolated from rumen, 261 including Blautia, Acetitomaculum, and Oxobacter ( Figure S8 & Table S5 ). 262 Consistently, group A2 and group A3 [FeFe]-hydrogenases from the same genera 263 were moderately expressed in the metatranscriptomes (3.7%) ( Figure S5 ). The other 264 acsB reads likely originate from acetogens that use other electron donors, such as Figure S3 ). Though these findings need to be validated by activity-based studies, 286 they suggest that respiratory hydrogenotrophs are highly active and quantitatively 287 significant H2 sinks in the rumen despite often being detected in low abundance 5 .
289
Culture-based studies demonstrate that hydrogenases mediating H2 production 290 and uptake are differentially regulated in response to hydrogen levels 291 292 In order to better understand how rumen bacteria regulate H2 metabolism, we 293 performed a culture-based study using Ruminococcus albus 7 and Wolinella 294 succinogenes DSM 1740, a model system for interspecies hydrogen transfer 25 . We 295 compared the growth, transcriptome, and extracellular metabolite profiles of these 296 strains in either pure culture or co-culture when grown on modified fumarate-297 supplemented Balch medium (Table S6 ). The concentrations of the metabolites 298 consumed and produced by the strains varied between the conditions (Table S1 ; (Table S7) . 314 Of these, the greatest fold-change was the 111-fold downregulation of a putative eight- The fermentation stoichiometries of R. albus 7 measured in pure culture compared to 330 co-culture (Table 1) were the same as we previously reported for the bacterium at high (Table S7 ). In total, 352 genes 353 were significantly differentially regulated in co-culture (fold-change > 2, q-value < 354 0.05). The respiratory hydrogenase was among the upregulated genes (Figure 4e) , 355 which may reflect the strain's faster growth rate in co-culture (Table 1) . The Figure 4a) . However, the significance of these findings is unclear given no 363 formate was detected under any condition (Table 1) Table S8 & 10) , 382 confirming a strong correlation with measured phenotypes (Table S3 ). Concurrent 383 increases in the gene expression for two major alternative H2 sinks were detected, 384 namely acetogenesis (acsB; p < 0.0001) and fumarate reduction (frdA; p = 0.002) (Figure 3a, 3b, S5) . The strong correlation between H2 uptake pathways and methane yield phenotypes 454 suggests that modulating H2 metabolism may be an effective methane mitigation 455 strategy. One strategy is to develop inhibitors that redirect electron flux from H2 456 production towards volatile fatty acid production. However, given the central role of H2 457 metabolism in the physiology and ecology of most rumen microorganisms, this would 458 be challenging to achieve without compromising rumen function and consequently 459 ruminant nutrition. Furthermore, such strategies may have a converse effect on 460 methane production, given lower H2 concentrations restrict acetogens more than 461 methanogens 45 . Instead, our metatranscriptome analyses suggest a more promising 462 approach may be to stimulate alternative H2 pathways such as fumarate, nitrate, and Metagenomic and metatranscriptomic analysis 509 We analyzed previously published datasets of twenty paired metagenomes and 510 metatranscriptomes of sheep rumen contents 63 . All profiles were derived from the 511 rumen contents of age-matched, pelleted lucerne-fed rams that were collected four 512 hours after morning feeding and subject to paired-end sequencing on the HiSeq 2000 513 platform 63 . The samples were taken from ten rams at two different sampling dates 514 based on their measured methane yields 63,90 ; four rams were consistently low yield, 515 four were consistently high yield, and two others switched in methane yield between 516 the sampling dates (Table S3 ). The metagenome and metatranscriptome datasets 517 analyzed are accessible at the NCBI Sequence Read Archive (SRA; (Table S6) . hydrogenase-encoding orders are shown. Table S2 shows the distribution of these 658 enzymes by genome, Figure S1 depicts hydrogenase subgroup distribution by class, 659 and Table S1 lists the FASTA sequences of the retrieved reads. Figure 1) . L01 to L10 are datasets for 670 sheep that were low methane yield at time of sampling, H01 to H20 are datasets from 671 sheep that were high methane yield at time of sampling (see Table S3 for full details). excluded. Each boxplot shows the ten datapoints and their range, mean, and quartiles.
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Figure 3. Comparison of expression levels of H2 production and H2 uptake
690
Significance was tested using independent two-group Wilcoxon rank-sum tests (* p < 691 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; full p values in Table S8 , Table S9 692 and Table S10 ). Note the metagenome abundance and RNA / DNA ratio of these 693 genes is shown in Figure S2 (hydrogenase subgroup), Figure S3 (hydrogenase 694 taxonomic affiliation), and Figure S4 (H2 uptake pathways). A full list of metagenome 695 and metatranscriptome hits is provided for hydrogenases in Table S4 and H2 uptake 696 pathways in Table S5 . ultra-fast liquid chromatography) between 0 hours and 12 hours. Growth media was 721 the same between the three conditions, except 80% H2 was added for W. 722 succinogenes growth, whereas no H2 was added for the other conditions. Full liquid 723 metabolite measurements are shown in Figure S8 . BDL = below detection limit. 
